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Abstract 
Excavation of the polluted sediments is a remediation approach for the polluted rivers and streams, when the 
excavated sediments can be reasonably detoxified. In this work, PAHs in river sediments was removed by mixing 
with different additives such as acetate, lactate, and spent mushroom compost (SMC), to test the ability of indigenous 
microorganisms on anaerobic PAH degradation. The activities of dehydrogenase and polyphenol oxidase were also 
investigated. 9% of phenanthrene and no anthracene in the river sediments can be degraded naturally in 30 days and 
increased to 22% and 53%, 28% and 63%, 44% and 53% in the presence of 40mM/kg acetate, 40mM/kg lactate and 
10% SMC, respectively. The dehydrogenase activities increased remarkably from 23 to 225, 456 and 920 mg 
triphenylformazan/kg/24hr in sediments amended with acetate, lactate and SMC respectively. The results supported 
that readily degradable carbon sources boost PAH anaerobic biodegradation dramatically. SMC is recommended as a 
potential amendment for intrinsic anaerobic biodegradation of PAH in polluted river sediments. 
 
© 2012 The Authors. Published by Elsevier B.V.  
Selection and/or peer-review under responsibility of Basel Convention Coordinating Centre for Asia and the Pacific 
and National Center of Solid Waste Management, Ministry of Environmental Protection of China. 
 
Keywords: PAH; anaerobic degradation; sediment; additives; dehydrogenase activity 
1. Introduction 
Anthropogenic practices such as industrial processing, petroleum spills, and incomplete combustion of 
fossil fuel have led to an accumulation of polycyclic aromatic hydrocarbons (PAHs) in various 
ecosystems [1]. PAHs are one of the major contaminants in polluted sediment, since that they are easily 
bond with the particles in the water body due to their low water solubility and high hydrophobicity. 
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Elevated concentrations of PAH are commonly recorded in aquatic sediments near urban and industrial 
cities [2]. Large amount of polluted sediment is activity degraded from rivers and streams every year in 
China, and due to the reason that the reuse technologies, such as preparation of ceramic, brick and cement 
[3-5] is infeasible economically, thus the excavated sediment is disposed on land always in present. 
Furthermore, the release of PAH from dredged sediment by precipitation to surface water or groundwater 
could cause environmental problems, due to their high potential of toxicity, mutagenicity, and 
carcinogenicity to mammals and aquatic organisms [6]. 
Microbial biodegradation is proved to be one of the effective processes for cleaning up PAH-
contaminated sediments [7]. Great efforts have been paid to improve the biodegradation of PAHs in 
sediment by microbial inoculation, supplement of co-metabolism substrate, or increasing the 
biodegradability of PAHs [7-10]. Most of these studies focused on the PAHs aerobic degradation, 
however, aerobic condition are hard to be satisfied in engineering application. Hence anaerobic PAHs 
degradation especially by indigenous microorganisms is more desired for PAHs polluted sediment 
remediation. A number of studies have demonstrated that some of PAHs including phenanthrene, 
naphthalene, acenaphthene and fluoranthene can be biodegraded in the absence of oxygen in several 
microcosm studies with nitrate, ferric iron, or sulfate as electron acceptors and under methanogenic 
conditions [11-15]. 
The 2 and 3-ring PAHs are of particular concern because they are water soluble and can be transported 
with the surface water or groundwater over significant distances [16]. In this study, different types of 
additives was evaluated and compared on the anaerobic degradation of phenanthrene and anthracene in 
river sediment. A type of non-ionic surfactant (Tween 80) and inorganic nutrient (N, P) source (Osmocote, 
Os), and two kinds of easily degradation carbon source (acetate and lactate), and spent mushroom 
compost (SMC) was selected as additives. Enzyme activity including dehydrogenase activity (DHA) and 
polyphenol oxidase activity (PPO) in river sediments were also determined to elucidate the biodegradation 
process.  
2. Materials and Methods 
2.1. Materials 
Sediment was collected from Suzhou Creek in Shanghai, China. Wet-sieved through 1-mm mesh and 
homogenized by physical mixing, the sediment’s basic properties are described in Table 1. The total 
carbon and nitrogen is 1.4 and 0.2%. The content of phenanthrene (PHE) and anthracene (ANT) is 0.713 
and 0.287 mg/kg respectively. These PAH levels were less than the limitation of sediment Quality 
guideline (SQGs) (U.S. Environmental Protection Agency 1997). Therefore, the doped sediment was used 
in this study.  
The waste spent mushroom compost (SMC) consisting predominantly of mushroom-degraded corn 
straw was obtained from a mushroom cultivation farm in Hebei province, China. Osmocote (Os) (14-13-
13) was purchased from The Scotts Company (USA). Some properties of Os are given as fallows (data 
supplied by the vendors). The contents of total nitrogen, soluble phosphoric acid anhydride and soluble 
potassium are 14%, 13% and 13% respectively. Phenanthrene and anthracene standard were purchased 
from Sigma-Aldrich Company.  
Table 1. The basic properties of river sediment used in this study 
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Parameters Value 
Moisture content (%) 26.7 
Density(g/cm3) 1.9 
Organic matter content (%) 3.3 
Total carbon (%) 1.4 
Total nitrogen (%) 0.2 
Phenanthrene (mg/kg) 0.713 
Anthracene (mg/kg) 0.287 
Zn (mg/kg) 325 
Pb (mg/kg) 90 
Cu (mg/kg) 82 
Cr (mg/kg) 74 
2.2. Experimental procedure 
Before experiment, the sediment was spiked with 20 mg/kg (dry basis) of each of phenanthrene and 
anthracene by addition of PAH standard solution (1000 mg/L in acetone-phenanthrene/anthracene). After 
acetone was volatized in fuming cupboard, the sediment were well mixed with different additives, i.e. 
NaN3, Tween 80, Os, SA, SL and SMC respectively (Table 2), and the moisture contents of mixtures 
were adjusted to 30±0.5%. After the headspaces were Àushed with N2 to exclude oxygen, the vials were 
then sealed and incubated in dark incubator at 37 oC. Sampling and analysis were taken regularly. 
Table 2. The components of different treatments 
Treatments Dosages 
Biotic Control (BC) - 
Abiotic Control (AC) 4 g/kg NaN3 
Os 20 g/kg Os 
Tween 80 400 mg/kg Tween 80 
SA 40 mM/kg sodium acetate 
SL 40 mM/kg sodium lactate 
SMC 100 g/kg spent mushroom compost 
2.3. Extraction and analysis of PAH 
PAH degradation was con¿rmed by monitoring the disappearance of the phenanthrene and anthracene 
in river sediment. After freeze drying and grinding, sediment samples were sieved through 0.125-mm 
mesh. Exact 2g sediment was extracted in a Microwave Extraction System (ETHOS E, MileStone s.r.l., 
Italy) for 15min with 25 mL of hexane-acetone solution in 100°C (refer to US EPA Method 3546) and the 
filtered solution was concentrated to 2 mL by rotatory evaporation. Then, phenanthrene and anthracene 
were analyzed with an Agilent 1100 High Performance Liquid Chromatography equipped with a 
Fluorescence Detector (HPLC/FLD) and an Eclipse PAHs column (4.6mm ×250mm, 5ȝm, Agilent, USA). 
An independent check of method performance was provided by analysis of three replicates of PAH 
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pollutant sediment sample with adding quantitative standard solution (EPA610 PAH mixture, Supelco) 
regularly. The average recovery efficiency error of analysis method is about ± 5 %. 
2.4. Enzyme assays 
The method of dehydrogenase activities analysis is modi¿ed from Casida and Chu [17]. Weigh 
approximately 2.00 g portions of sediment sample into each of 50 mL centrifuge tube. Add 4 mL of 
substrate solution (2mL 1% glucose solution and 2mL 1% TTC (2,3,5-triphenyltetrazolium chloride)-Tris 
buffer solutions) to the sample tubes and 4 mL of Tris buffer solution instead of the substrate solution into 
blank tubes. The tubes were sealed with rubber stoppers and incubated at 37°C in the dark. After 24 hr 
incubation, the sample tubes were centrifuged (4000 rpm, 5min) and the liquid supernatant was emptied, 
then the triphenylformazan (TPF) formed by the reduction of TTC was extracted by shaking with 10 mL 
ethyl acetate for 5 min and filtered. Absorbance at 485 nm was measured using a spectrophotometer. 
Dehydrogenase activity, expressed as mg TPF/kg/24h, was estimated by comparison with a standard 
curve. Polyphenol oxidase (PPO) activity was determined by colorimetric methods [18] and expressed as 
mg purpurogallin formed per 100 g dry sediment. 
3. Results and Discussions  
3.1. Biotic and abiotic control 
Abiotic control was used to measure PAH abiotic removal by volatilization, photolysis, and chemical 
degradation. The removal of phenanthrene and anthracene was negligible in abiotic control, i.e. treated 
with 4g/kg NaN3, during 30 days incubation (Fig.1), indicating that the disappearance of PAH in this 
study was due to biodegradation. The result that only 9% of phenanthrene and no anthracene in the biotic 
control was removed during 30 days incubation, confirmed that improving of biodegradation is necessary 
for PAH-contaminated sediment remediation. 
 
Fig. 1. The disappearance of phenanthrene and anthracene in biotic and abiotic control during incubation 
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3.2. Effect of acetate and lactate on PAH anaerobic degradation 
The removal efficiencies of phenanthrene and anthracene were increased from 9% and 0 to 22% and 
53%, 28% and 63% respectively amended with 40 mM/kg acetate, 40 mM/kg lactate in the 30 days 
duration experiment (Fig. 2). For the reason that Suzhou Creek is no longer used as the receivers of 
municipal and industrial waters, and readily degradable carbon sources in sediment have been depleted by 
intrinsic microorganism before dredging, thus the sediment used has a low content of carbon 
(1.4%).When the readily degradable carbon (acetate and lactate) was added into the sediment which has a 
carbon deficiency problem, the bacterial density in sediment would be promoted largely and then it would 
enhances the activity of PAH-degradation bacterial and result in faster degradation of phenanthrene and 
anthracene. 
      
Fig. 2. Removal efficiencies of phenanthrene (a) and anthracene (b) amended with 40 mM/kg acetate, 40 mM/kg lactate and 10% 
SMC respectively during 30 days incubation 
More deeply research about the detailed mechanism of phenanthrene and anthracene biodegradation by 
the treatment of acetate and lactate was not conducted in this experiment. But there are several pathways 
favored the strengthening biodegradation process by referring to other researches. A possible explanation 
was that the total carbon of sediment tested was low, thus the addition carbon sources can promote the 
growth of methanogen and then result in faster biodegrading of PAHs [19]. Another possible 
interpretation was that the action of sulfate-reducing bacteria on lactate produces pyruvate would result in 
PAH faster degradation [20]. 
3.3. Effect of SMC on PAH anaerobic degradation  
The removal efficiency of phenanthrene and anthracene was increased from 9% and 0 to 44% and 53% 
respectively in sediment amended with 10% SMC in the 30 days duration experiment (Fig.2). That is to 
say, SMC has the ability of improving phenanthrene and anthracene degradation by indigenous microbial 
dramatically. The reason can be summarized as the following points. Firstly, SMC have substantial 
nutrients [21-24], such as protein, amino acid, bacterial protein and enzymes, and can provide different 
carbon sources for PAH degradation bacteria. Secondly, SMC has abundant different kind bacteria, and 
some of the bacterium can use phenanthrene and anthracene as carbon source probably, thus the addition 
of SMC, to a certain degree, can be similar with inoculation with exogenous microorganism. 
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Although our assay was conducted in anaerobic environment, the result that SMC is a very effective 
additive for sediment PAH degradation was in accordance with Eggen [25]. The detailed degradation 
mechanism of PAH in river sediment by the adding of SMC can be very complex and is far from clarified 
yet, and more efforts are needed to elucidate the process. SMC is the byproduct of mushroom industry, 
and is always deemed as a kind of organic solid waste in China. Although there are certain ways for 
reusing (such as preparing for bio-organic fertilizer), a large amount of SMC are discarded in the rural 
area of the China every year. Thus, we believed that SMC can be a cost effective additive for PAH 
anaerobic intensify biodegradation in sediment. 
3.4. Effect of Os and Tween80 on PAH anaerobic degradation 
By the dosage of 2% Os, the removal efficiency of phenanthrene and anthracene achieved to 29% and 
12% respectively, and 18% of phenanthrene and no anthracene can be degraded in the presence of 400 
mg/kg Tween 80 (Fig. 3). The phenomenon that high level of nutrients (NH+ 4 -N, NO- 3-N, and PO3-4 -P) can 
be sustained in sediment has been confirmed by Xu [26] in the presence of Os. Though our experiment 
was conducted in anaerobic condition, it is predicted that the nutrient level can also be improved and that 
will elevate the metabolic activity of the indigenous microbial biomass, result in the improving of PAH 
degradation finally. 
 
 
Fig. 3. Removal efficiencies of phenanthrene and anthracene in river sediment amended with 2% Os and 400mg/kg Tween 80 in the 
30 days duration experiment  
Tween 80 can improve the degradation of phenanthrene slightly, but cannot boost the degradation of 
anthracene. It was reported that Tween 80 would have a positive or negative influence on PAH 
degradation in different conditions [10, 27], related to the sediment properties, the concentrations of 
Tween 80, species of PAH, etc. It also should be noted that there are not enough carbon sources to sustain 
the growth and metabolism of PAH degrading bacteria, even though the bioavailability of PAH would be 
enhanced by the treatment of Tween 80. 
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3.5. Effects of various substrates on enzyme activity 
DHA and PPO activities in sediment amended with different additives after 30 days incubation were 
described in Fig. 4. The DHA decreased from 23 to 3.6 dramatically by the addition of sodium azide, and 
increased remarkably to 225, 456 and 920 mg TPF/kg/24hr amended with 40 mM/kg acetate, 40 mM/kg 
lactate and 10% SMC, respectively. The PPO activity decreased from 74.4 to 58 mg/100g in the presence 
of sodium azide, however, increased to 114.6, 90.7 and 92.4 mg/100g with amendment of 40 mM/kg 
acetate, 40 mM/kg lactate and 10% SMC, respectively. 
 
 
Fig. 4. DHA and PPO activities in river sediment at 30-day treated with different additives 
The decrease of DHA and PPO activity in abiotic control was contributed to the microorganism 
respiration inhabitation by sodium azide, and it confirmed that the disappearance of PAH was due to 
biodegradation in this experiment. The result that acetate, lactate and SMC boosted DHA activities in 
sediment indicated that the metabolic activities of the microbial biomass in sediment increased evidently 
and that can be attributed to the enhancement of nutrients concentration. The result confirmed that readily 
degradable carbon source (acetate and lactate) or SMC, which contains substantial nutrients, can be used 
for microbial metabolism of the indigenous bacterium easily and increased the biodegradation of 
phenanthrene and anthracene in sediment. It also found that the PPO activity in sediment was increased in 
the presence of acetate, lactate and SMC. PPO activity was found highly correlated with fertility factors 
including total nitrogen, available P, organic matter and pH value [28]. Thus, the improvement of PPO 
treated with acetate, lactate and SMC can be attributed to the enhancement of TN, available P and organic 
contents in sediment mainly. 
4. Conclusions  
Effects of different additives, i.e. sodium acetate, sodium lactate, Tween 80, Os and SMC on the 
ability of PAH anaerobic degradation by indigenous microorganisms were investigated in this study. The 
result showed that 9% of phenanthrene and no anthracene in river sediment can be biodegraded naturally 
in 30 days and over 22% and 53%, 28% and 63%, 44% and 53% can be removed in the presence of 40 
mM/kg acetate, 40 mM/kg lactate and 10% SMC. The DHA increased remarkably from 23 to 225, 456 
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and 920 mg TPF/kg/ 24 hr in the presence of acetate, lactate and SMC in sediment after 30 days 
incubation. The results indicated that the enhancement of PAH degradation was due to the increasing of 
microbial biomass in sediment, and the phenomenon supported that readily degradable carbon source can 
boost PAH anaerobic biodegradation in low organic sediment dramatically. SMC can be a promising 
additive for PAH anaerobic biodegradation in sediment in ex situ remediation. 
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